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• Invented in 1950s: 3 electron machines built, to 50 MeV
• Proton proposals failed: technical complexity/energy
• Re-invented late 1990’s in Japan for muon acceleration- ideal due to 
high acceptance & very rapid cycling - for a Neutrino Factory

- first proton PoP FFAG built, 500 keV, 
2000

- 2nd proton FFAG, 150 MeV, 2003
- prototype for proton therapy
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• On going R&D of Scaling FFAGs

• FFAG complex for a feasibility study of ADSR

• FFAG based neutron source for BNCT

• FFAG as a phase rotator for PRISM 

• Harmonic Number Jump
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FFAG complex 
for a feasibility study of accelerator driven reactor



Concept of Feasibility Study on ADSR

Using KUCA and FFAG Accelerator 
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Feasibility Study on ADSR Using FFAG Accelerator 

Kyoto University Research Reactor Institute (KURRI)

Development of variable energy FFAG accelerator with high acceleration efficiency.
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Abstract

Kumatori Accelerator driven Reactor Test project

(KART) has been started at Kyoto University Research Re-

actor Institute (KURRI) from the fiscal year of 2002, aim-

ing to demonstrate the basic feasibility of ADS (Accelera-

tor Driven Sub-critical system) and to develop an 150 MeV

proton FFAG (Fixed Field Alternating Gradient) acceler-

ator complex as a neutron production driver. This FFAG

complex will be connected with our Kyoto University Crit-

ical Assembly (KUCA) by the end of March 2006 for the

basic ADS experiments.

INTRODUCTION

As a substitute for the 5 MW reactor at Kyoto University

(KUR), a neutron source based on the ADS concept has

been proposed in 1996[1]. The conceptual design study on

ADSR(Accelerator Driven Sub-critical Reactor) using the

MCNPX code clarified the lack of reliable effective multi-

plication factor keff in the proton energy region between

20 MeV and 150 MeV. Since the experimental studies in

our institute were performed using KUCA and a 300 keV

Cockcroft-Walton accelerator[2, 3], a proton beam source

which covers between 20 MeV and 150 MeV is required to

extend our study on ADS system.

The requirements towards proton sources for ADS are

1) high beam intensity, 2) high efficiency on power con-

sumption, and 3) high stability in operation. FFAG accel-

erator, which was orignally proposed by Ohkawa 40 years

ago[4], is regarded as a good candidate as the proton driver

for ADS. Because of its fixed magnetic field, high repeti-

tion rate of beam acceleration and much less power con-

sumption in the accelerator by the introduction of super-

conducting magnet are expected. Although such attractive

features, no FFAG with RF has not been realized except

electron models until recently because of technical diffi-

culties such as the production of wide band high voltage

RF cavity or the lack of a long straight section for beam

injection and extraction. Recently, Mori et al. have devel-

oped a wide band RF cavity with FINEMET[5] and suc-

ceeded the first acceleration of proton with a 500 keV PoP

FFAG synchrotron[6]. Now they have developed a “return-

yoke free” magnet for the 150 MeV FFAG synchrotron[7]

in which they try to extract the beam from FFAG for the

first time.
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On such basis of our study and the technical develop-

ments on FFAG, KART project has been approved and

started from the fiscal year of 2002. In this project, the ba-

sic feasibility of ADS system and the multiplication factor

keff in the energy region of Ep = 20 ∼ 150 MeV will be
studied. Another important aim in this project is to develop

a practical FFAG accelerator as a proton driver for ADS.

FFAG ACCELERATOR COMPLEX

In KART project, an FFAG accelerator complex is now

under construction as the proton source for ADS study.

This complex consists of one FFAG with an induction unit

for acceleration as the injector and two FFAG with RF as

the booster and main accelerators, respectively. All of these

accelerators will be in pulse operation at the repetition rate

of 100 Hz. The schematic diagram of our FFAG complex

is shown in Fig. 1. Basic specifications for this FFAG com-

plex are summarized in Table 1. The layout of these FFAG

accelerators in the accelerator room is shown in Fig. 2.

ion source

injector

main ring

KUCA

subcritical

reactor
booster

100keV 2.5MeV 20MeV 150MeV

Figure 1: The schematic diagram of FFAG complex at

KURRI.

Table 1: Specification of FFAG complex

Injector Booster Main

Focusing Spiral Radial Radial

Acceleration Induction RF RF

k 2.5 4.5 7.6

Einj 100 keV 2.5 MeV 20 MeV

Eext 2.5 MeV 20 MeV 150 MeV

pext / pinj 5.00 2.84 2.83

rinj 0.60 m 1.42 m 4.54 m

rext 0.99 m 1.71 m 5.12 m
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FFAG complex at KURRI



Parameters for FFAG complex
 Injector Booster Main

E
inj

100 keV 2.5 MeV 20 MeV

E
ext

2.5 MeV 20 MeV 150 MeV

Lattice type Spiral Radial DFD Radial DFD

# of cells 8 8 12

Acc. scheme Induction RF RF

k 2 2.45 7.5

coil/pole coil pole pole

p
inj

/p
ext

5.00 2.84 2.83
r
inj

0.60 m 1.17 m 4.54 m

r
ext

0.99 m 1.65 m 5.12 m

Parameters for FFAG complex



FFAG complex at KURRI

main ring (150MeV)

Booster (20MeV)

Injector(0.2-2.5MeV)

FFAG complex for ADS at KURRI



to the reactor

The day of proton injection to the 
reactor is close at hand.

 Injector : completed
 Booster : completed
 Main ring : under commissioning 
 Beam line to  reactor : completed



Future Plan

1GeV Proton FFAG 



FFAG based neutron source 
for Boron Neutron Capture Therapy (BNCT)



internal target
Be ~10micron 

rf re-acceleration 
Erf ~ 200kV 

proton beam
10MeV 

-ΔE

70keV

+!E

neutron

Is(circ. current)
50mA

Ia(inj. current)
50micro-A

FFAG-ERIT scheme

internal target

energy loss 
recovered by rf

emittance growth 
ionization cooling

large acceptance 
FFAG(scaling)

target
heat loss 1-2kW 

Neutron Source with FFAG-ERIT 
Emittance-energy Recovery Internal Target

Neutron Source with FFAG-ERIT 
Emittance-energy Recovery Internal Target

Neutron Source with FFAG-ERIT 
Emittance-energy Recovery Internal Target

Neutron Source with FFAG-ERIT 
Emittance-energy Recovery Internal Target   (ref. Nucl. Instr. Meth.)

Ia=Is/Nt, Nt=1000turns

Need large momentum 
acceptance! -> FFAG

Project was approved. 
2005-2007

Under Construction 

FFAG based neutron source for BNCT 

• ERIT : Emittance-energy Recovery Internal Target



BNCT with FFAG-ERIT

Injector(RFQ + IHDTL)

FFAG ring

ERIT system

RF cavity

Full energy injection

H- kinetic energy                 10 [MeV]
Average beam current       ~ 45 [!A]
Repetition                            >1 [kHz]

H- injection
proton kinetic energy          10 [MeV]
Average beam current      ~ 45 [mA]           

Turn number                      > 1000 turn
Internal target thickness      ~ 5 [!m]

Neutron beam intensity     > 109 [n/cm2/sec]           

RF voltage                         > 200 [kV]
Harmonic num.                 ~ 5

BNCT with FFAG-ERIT

Under construction at KURRI.
Neutron beam would be provided in 2007.



FFAG-ERIT neutron sourceFFAG-ERIT : radial-sector scaling FFAG
N = 8
FDF lattice
F-Mag. = 6.4[deg],
D-Mag. = 5.1 [deg], 
F-D gap 3.75[deg], 
F-Clamp gap = 1.9[deg],
Clamp thick = 4[cm]
Mean radius = 2.35[m]

11MeV proton beam
νx ~ 1.75, νy ~ 2.23
FD ratio ~3



FFAG-ERIT : Vertical beta function & acceptance 

  

Vertical acceptance ~ 3000π [mm-mrad] Vertical beta function@target ~ 0.83 [m] 

Tracking results used TOSCA field.

(Horizontal acceptance > 7000π [mm-mrad]) 



FFAG-ERIT : Surviving turn number

Mean surviving turn num.　810 turns



FFAG-ERIT : RMS emittance and energy spread

An analytical solution and the simulation results 
are corresponding well while beam loss is few. 



FFAG as a phase rotator
for the mu-e conversion experiment ; PRISM



PRISM : Phase Rotated Intense Slow Muon source

• Goal : Search for Lepton Flavor Violation with B(µ-N→e-N)<10-18

• We need a high intense and high quality muon beam, such as

• High Intensity
• intensity : 1011-1012µ±/sec

• beam repetition : 100-1000Hz 

• muon kinetic energy : 20 MeV (=68 MeV/c)

• Narrow energy spread
• kinetic energy spread : ±0.5-1.0 MeV

• Less beam contamination
• π contamination < 10-18

phase rotation



PRISM Layout

5 m

Capture Solenoid

Matching Section

Solenoid

RF Power Supply

RF AMP

RF Cavity

C-shaped

FFAG Magnet

Ejection System Injection System

FFAG ring
Detector

Under 

Constru
ction

2003-2007



Goal of the PRISM-FFAG project

• Construct a full size FFAG ring to be used at the mu-e conv. experiment.

• with Large transverse and Momentum acceptance

• suitable for the phase rotator

• Develop a high-gradient RF system (-200kV/m)

• Demonstrate phase-rotation, which make narrower energy spread beam

10-cell FFAG ring ----> 6-cell FFAG ring



Status and Schedule of PRISM-FFAG

• Beam optics design : done

• RF R&D : done, 170kV/m with sinusoidal wave @ 5MHz is expected.

• Construction of magnets

• -2006/03 : 3 magnets: done

• -2007/05 : 3 magnets: coming soon

• Field measurement for the first 3 magnets : done and in analysis

• Beam dynamics study using 1 cell magnet : in preparation, will start from Feb.?

• R&D for high-gradient sawtooth RF : in progress

• Construction of FFAG-ring : 2007

• Demonstration of phase-rotation using 6-cell ring with alpha particles : 2007



Demonstration of Phase rotation 
using 6-cell FFAG ring

• use 6-cell ring instead of 10-cell full PRISM-FFAG ring.

• inject alpha particles to the ring

• 241-Am 5.48MeV(200MeV/c)

• degraded to 80MeV/c

• collimate for small eminence beam
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Requirements on RF for the study

• Large aperture cavity

• Vpp=30kV at 1MHz (100kV/m)

• h=3 (Trevo.=3.18us for 80MeV/c alpha) 

• sawtooth is better



RF Cavity for PRISM-FFAG

156Ω @ 5MHz

t=35mm



RF AMP R&D

86.6kVp-p

43kV/gap
w/ 734Ω dummy cavity 
@5MHz
expected gradient 
w/ PRISM-cavity (954Ω)
56kV_gap = 170kV/m

Power Supply

AMP

Dummy Cavity

Tetrodes in AMP



Figure 2: Image-25 : RFin=4MHz for Sawtooth, wave=sawtooth-takubo.csv,
V W.G.

pp =1.5V, Atte.=8dB, 4.0MHz. CH1(yellow), CH2(cyan)=gapA, CH3(mazenta)=gapB,
Math(red)=gapA-gapB.

Figure 3: Image-26: RFin=4MHz for Sawtooth, wave=sawtooth-takubo.csv,
V W.G.

pp =7.0V, Atte.=8dB, 4.0MHz. CH1(yellow), CH2(cyan)=gapA, CH3(mazenta)=gapB,
Math(red)=gapA-gapB.

2

Towards to the high voltage sawtooth

Figure 16: Image-16: Math(red)=gapB-gapA, wave=sawtooth01.csv with V W.G.
pp =7.8V,

Atte.=8dB.

9

underway



Muon Acceleration with Scaling FFAG 
using Harmonic Number Jump



Muon Acceleration with 
FFAG Accelerator

Scaling FFAG
advantages
- no resonance crossing : zero chromaticity
- large dynamic aperture 

problems (issues)
- variable rf frequency : broad-band (low frequency & low field)
- not small beam pipe (may not be an issue)

Non-scaling FFAG
advantages
- rf acceleration : constant rf frequency (high frequency & high field)
- small beam pipe : small momentum compaction

problems (issues)
- resonance crossing
- time of flight (path length) for large beam amplitude :  cascade rings



Scaling FFAG with HNJ(harmonic 
number jump)  Acceleration

Scaling FFAG + HNJ acceleration
Harmonic Number Jump(HNJ) acceleration
- const. rf frequency   -->  high frequency & high field

Higher frequency (200-400MHz) rf cavity : good matching  -> 
Phase Rotation & non-scaling FFAG

Scaling FFAG with HNJ for low energy 
(5-10GeV)  muon ring as an injector of non-
scaling FFAG

Scaling FFAG with HNJ for high energy 
(10-20GeV) ring



HNJ Acceleration
Revolution period for n-th turn

C: circumference, v: particle velocity

Scaling FFAG

For muon acceleration (v~c)

When k increases, or ring size decreases,
- No. of turns decreases.
- Energy gain/turn increases.

Need optimization!
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HNJ Acceleration

Revolution period for n-th turn

C: circumference, v: particle velocity

Scaling FFAG

For muon acceleration (v~c)

When k increases, or ring size decreases,
- No. of turns decreases.
- Energy gain/turn increases.

Need optimization!

! 

T
n

T
1

" 

# 
$ % 

& 
' =

C
n
/ v

n

C
1
/ v
1

" 

# 
$ % 

& 
' 

! 

Cn

C
1

=
pn

p
1

" 

# 
$ % 

& 
' 

1

k+1

! 

Cn

C
1

=
hn

h
1

,    pn = p
1

hn

h
1

" 

# 
$ % 

& 
' 
k+1

,hn = h
1
+ n (m

Tn - Tn-1=Trf

Tn - Tn-1 = Trf x m 



Issues of HNJ

Phase acceptance
Smaller for HNJ     cf.  synchronized acceleration

Because energy gain/turn is so large for HNJ that 
phase slip/turn should be 2π. If stable phase is 
away from π/2, phase slip/turn should be much 
less than 2π.

Non-linear source  dynamic aperture 
problems in longitudinal direction 

Sinusoidal rf field contains non-linear 
components.

Synchroton tune is high enough to see non-
linear resonances.    mQs=n

E
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5-10GeV scaling FFAG
spiral sector - design example

Ring parameters
r=40m

N=32cells

spiral angle: 74degree

Bmax ~2.1T (p.f.=0.4)

k=38

Orbit excursion 
- 71.7cm

Beam size(half, dp/p=0.03) at 10GeV
- H: 4.3cm+3.0cm=7.3cm, V=5.2cm @s.s.
- H: 5.2cm+3.6cm=9.3cm, V=6.9cm @magnet



Spiral FFAG
5-10GeV

Parameters
r=40m

k=38

rf parameters
- h=320
- f=400MHz
- fai_s=2π/3
- 18.8MV/m:4-cell cavity  
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Spiral FFAG
5-10GeV

Lattice
almost satisfied but more optimaization is needed.
- k-value:lower, Bmax:lower, packing factor, circumference etc.

HNJ acceleration
seems to have enough acceptance

frequency of rf cavity   
- 400MHz --->200MHz (depends on lattice design)

No. of turns: should be larger   >10 turns (now 7turns)
- reduce rf  voltage   18.8MV/m  --> 15MV/m

Increase ring radius and reduce k-value

4m



Summary

• Three projects on scaling FFAGs are in construction/commissioning phase. All 
of these projects will be completed in JPY2007.

• Scaling FFAG with HNJ acceleration for muons looks looks like good. But 
more tracking study and hardware R&Ds are needed.  

Beam Site

FFAGs for 
ADSR proton KURRI - JPY2007

(only for FFAGs)

FFAG-ERIT proton KURRI - JPY2007

PRISM-FFAG muon Osaka U. - JPY2007


